Introduction
Recently, conductive-bridge resistive switching memory (ReRAM) devices with different solid-electrolyte materials such as GeSe, GeS, SiO 2 , ZrO 2 , Ta 2 O 5 etc are reported extensively to fulfill the requirements of ITRS roadmap [1] [2] [3] [4] [5] [6] [7] . Generally, silver (Ag) or copper (Cu) as an electrode is used for getting mobile ions under external bias. The Ag or Cu metallic filament formation/dissolution in the solid-electrolyte film under external bias is the resistive switching mechanism and it is under bipolar operation because of reduction/oxidation phenomena. Although many solid-electrolyte materials have been reported but the germanium-oxide materials in a Cu/GeO x /W resistive memory structure with a record resistance ratio of 10 9 and bipolar/unipolar resistive switching scenario is not reported in the published literatures. Furthermore, this novel Re-RAM device has excellent read endurance of >10 5 cycles and extrapolation of 10 years data retention with a large resistance ratio of >10 5 for bipolar and >10 9 for unipolar regimes and also CMOS compatible. The memory device could be operated as low current as 1nA.
Experiment
Tungsten metal (W) with a thickness of ~100 nm was deposited by RF sputtering process on SiO 2 /Si substrate. In next step, a SiO 2 layer with a thickness of ~150 nm was deposited by PECVD to form via. The device area of 160x160 nm 2 was defined by lithography and etching process. The GeO x solid-electrolyte with a thickness of ~15 nm was deposited by sputtering system. After the GeO x film deposition, the copper (Cu) metal layer with a thickness of ~180 nm was deposited by using thermal evaporator. Then, lift-off process was performed to get the final device in a Cu/GeO x /W structure. More than 20 devices have been measured to realize the resistive switching characteristics. Fig. 1 shows the high-resolution transmission electron microscope (HRTEM) image of the fabricated resistive memory device. The thickness of GeO x solid-electrolyte film is approximately 12 nm. All layers of W, GeO x , Cu films are confirmed by EDX spectra (Fig. 2) . The composition of Ge:O is 1:1 which is confirmed by x-ray photo-electron spectroscopy (XPS) characteristics (Fig. 3 ), which will be better for CMOS process. Fig. 4 shows the current-voltage (I-V) hysteresis loop under current compliances (I CCs ) of 100 nA and 50 μA. First positive voltage is applied on the Cu top electrode for the pristine devices and a large voltage (>+2V) is needed to form Cu filament in the GeO x solid-electrolyte. After formation process, the device shows normal bipolar resistive switching behavior with a SET voltage of approximately +0.5V and RESET voltage of approximately -0.25V. The bipolar resistive switching phenomena is observed up to I CC of 50 μA, because the reduction and oxidation processes are responsible for this resistive switching phenomena. For a high I CC of ~100 μA, the Cu will be diffused more and a huge amount of Cu could be deposited on the W bottom electrode. Even though high negative CC is applied on the Cu top electrode, the filament is not dissolved but it could be re-grown from vicinity of GeO x film or from the W bottom electrode. As a result, a bipolar switching is not observed. Then, a positive high current is applied on the Cu top electrode to break Cu filament by joule heating. A unipolar switching behavior under a I CC of 100 μA is shown in Fig. 5 . It is realized that a cylindrical-like Cu filament could be formed under a I CC of <50 μA and a pyramid-like Cu filament could be formed under a high I CC of ~100 μA, as shown in schematic model in Fig. 6 . A diameter of Cu filament is approximately 70 nm under unipolar operation (not shown here). Excellent uniformity of low resistance state (LRS) and high resistance state (HRS) under bipolar/unipolar regimes are observed (Fig.  7) . The LRSs are found to be 2.5 MΩ, 145 KΩ, 6.2 KΩ for the I CC of 0.1, 1, 50 μA, respectively. Excellent uniformity of SET/RESET voltages is also observed for both bipolar and unipolar operations (Fig. 8) . Under bipolar regime, the resistance ratio (HRS/LRS) increases from 10-10 5 with increasing the I CC of 1 nA-50μA because filament diameter increases [ Fig. 9(a) ]. At higher I CC of >50 μA, the resistance ratio is collapsed because of low HRS as well as a huge Cu diffusion in the GeO x solid-electrolyte. Under unipolar operation, the resistance ratio shows highest one of 10 9 [ Fig. 9(b) ]. The same device has shown both bipolar and unipolar operations many times. A good retention up to few minutes is observed for low current operation of 100 nA, which could be also useful for low power logic circuit operation ( fig. 10 ). The device shows good AC endurance (Fig. 11) . Excellent read endurances of 10 5 cycles are obtained for bipolar switching (I CC: 50 μA) and unipolar switching (I CC ~100 µA for SET and I CC~ 10 mA for RESET), as shown in Fig.  12 . Excellent data retention characteristics after 10 years with a large resistance ratio of 10 5 under bipolar and a record resistance ratio of 10 9 under unipolar operation are obtained, as shown in Fig.  13 . Due to the high resistance ratio in both bipolar and unipolar regimes, this novel resistive memory device could be useful for multi-level operation.
Results and discussion

Conclusions
Novel resistive switching memory device in a Cu/GeO x /W structure is reported. High performance resistive switching characteristics with excellent uniformity of HRS/LRS and SET/RESET, excellent read endurance of 10 5 cycles, multi-level operation, and a stable resistance ratio of 10 5 for bipolar and 10 9 for unipolar operations maintaining up to 10 years of data retention are obtained. The memory device could be operated as low current as 1 nA. This resistive memory device can be useful in future logic circuit operation with a low current operation of <1 μA and nonvolatile memory with a reasonable high current operation.
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